Lysine and leucine auxotrophic, heterothallic (h , h 3 ) strains of Schizosaccharomyces pombe were used to obtain chromium(VI)-sensitive and -tolerant mutants by ultraviolet radiation-induced and nitrosoguanidine-induced mutagenesis. The minimal inhibitory concentrations of K 2 Cr 2 O 7 on YEA media were 225 WM for the wild-type strain CW-6, 125 WM for the sensitive mutant CS-6.51 and 275 WM for the tolerant mutant CT-6.66. The mutants exhibited cross-sensitivity of various patterns to Cd 2 , Cu 2 , Ni 2 , Zn 2 and VO 33 4 . Cr(VI) was added to the actively growing cultures and the total chromium (TOCr) content of the cells was determined. The sensitive mutant exhibited a high bioaccumulation ability, with a dry biomass of 810 Wg g 31 after 30 min, while the tolerant mutant had a significantly lower ability than the wild-type strain. In PIPES buffer, washed, lysine-starved biomasses were treated with 75 WM Cr(VI) and after 2 h, the TOCr and the organically bound chromium (OBCr) were determined. Under these conditions, the sensitive and tolerant mutants had the same TOCr content, 50% of which was OBCr. The wild-type strain exhibited a lower TOCr content than that of its mutants and only 35% of this was OBCr. The Cr(VI)-sensitivity was due to a significantly increased uptake of Cr(VI). ß
Introduction
Environmental exposure to the various forms of chromium remains a serious problem throughout the world. Although various valency states of chromium are known, Cr(III) and Cr(VI) are prominent in nature. Cr(VI) most often exists in the forms of (dichromate ion), especially in solution, these being most potent mutagenic, carcinogenic and toxic agents [1^3] . Biological membranes are impermeable for Cr(III) ions and Cr(III) has a high a¤nity to form complexes with most biologically relevant molecules [4, 5] . In contrast with Cr(III), Cr(VI) enters cells via a non-speci¢c anion carrier, the permease system, which transports a number of anions, such as SO 23 4 and PO 33 4 [6, 7] and is reduced to Cr(III) there via the unstable Cr(V) and Cr(IV) [8] . The ¢rst Cr(VI)-resistant mutants of the fungus Neurospora crassa were characterized by Marlzuf [9] . This Cr(VI)-resistance is a consequence of a partial or total de¢ciency in the transport of inorganic sulfate. Cr(VI)-resistant isolates of a Candida sp. and of Rhodosporidium toruloides from sewage have been characterized in detail. The resistance was due to a reduced uptake of chromium and not due to reduction of Cr(VI) to Cr(III) [10, 11] . In contrast with these data, Cr(VI)-resistant Aspergillus sp. isolated from sewage completely reduced Cr(VI) to Cr(III) in the broad pH range 4^9. Nearly 70% of the Cr(III) was adsorbed on the fungal mycelia [12] . The reduction of Cr(VI) to the less toxic Cr(III), either extracellularly or intracellularly, could ¢nd useful application in the treatment of industrial waste [13] . The biphasic process of fungal metal cation uptake involves a rapid, metabolism-independent biosorption step and a slower, metabolism-dependent bioaccumulation step [14, 15] . These processes are well-documented, as reviewed by Blackwell et al. [16] . Some factors have been described which in£u-ence the biosorption of Cr(III) by Aspergillus carbonarius [17] and of Cr(VI) by yeasts [18] .
In prokaryotic organisms, Cr(VI)-resistance may be plasmid-determined and coupled with an increased Cr(VI) reduction or a reduced Cr(VI) uptake [19] . In response of heavy metal stress, plant and certain fungi, such as the ¢ssion yeast Schizosaccharomyces pombe, synthesize small metal-binding peptides known as phytochelatins [20] . Induction of phytochelatin synthesis has been reported with a wide variety of metal cations as well as some anions. Metal-binding, however, has been shown for only a few metals such as Cd 2 and Cu 2 [21] . In Cr(VI)-resistant mutants of Saccharomyces cerevisiae, the genes responsible for resistance are dominant or partly dominant. They exhibit slightly reduced rates of Cr(VI) uptake [22] . Vacuolar-defective mutants of S. cerevisiae showed an increased sensitivity to chromate compared to their parental strains. Such a sensitivity of the mutants was associated with increased accumulation of chromium [23] .
The aim of this work was to isolate Cr(VI)-sensitive and -tolerant mutants of S. pombe and to compare their Cr(VI) uptake abilities in actively growing cultures and under starved conditions.
Materials and methods

Yeast strains, culture conditions and isolation of mutants
Auxotrophic mutants of S. pombe heterothallic, wild-type strains, designated CW-6 (lys1-131, h
3 ) and CW-9 (leu 3 , h ), were used to obtain Cr(VI)-sensitive and -tolerant mutants.
Cells were cultured at pH 5.6 and 30³C in complete liquid medium (YEL), 175 Wg ml 31 of the required amino acids were used and for YEA, 2% bacto agar was added [24] . Mutagen treatment experiments were carried out by means of nitrosoguanidine treatment [24] and ultraviolet (UV) irradiation [25] at a dose producing about 10% survival. Cells from surviving colonies were transferred on YEA containing K 2 Cr 2 O 7 . Cr(VI)-sensitive and -resistant candidates were tested repeatedly to obtain the exact values of the minimal inhibitory concentrations (MICs) on YEA containing K 2 Cr 2 O 7 , 100^300 WM in 25-WM steps. MICs on YEA medium were determined as described earlier [26] . Experiments were repeated three times. Cross-sensitivities were investigated on YEA with the following metal ions: Cu 2 , Cd 2 , Ni 2 , Zn 2 and VO 33 4 . Growth inhibition of di¡erent K 2 Cr 2 O 7 concentrations in YEL was measured at a given optical density (OD 660 ) in shaken cultures with a starting cell number of 10 6 ml 31 . Mutants were characterized, the auxotrophy, ploidity, mating type and DNA content were tested as described by Moreno et al. [24] .
Chemicals
Metal salts of analytical grade were purchased from Reanal, Hungary. N-nitroso-NP-nitro-N-methylguanidine (NTG), piperazine-N,NP-bis-2-ethanesulfonic acid (PIPES) and tetramethylammonium hydroxide were from Sigma. All the other compounds originated from Oxoid. Potassium dichromate (K 2 Cr 2 O 7 ) and other metal stock solutions were prepared freshly in double-distilled water and sterilized by ¢ltration.
Chromium uptake experiments of actively growing cells
A CHEMAP bioreactor (10 dm 3 , 250 rpm, air supply 1.5 dm 3 min 31 ), running with the software BIA SHIVA 1, containing YEL, was inoculated with the mid-exponential phase culture to reach 10 6 cells ml 31 . During fermentation, pH, pO 2 and OD 660 were registered automatically.
In the three parallel experiment, with the same cell:chromium ratio, at the same OD (OD 660 = 0.7), 75 WM K 2 Cr 2 O 7 was added to the bioreactor, to study the Cr(VI) uptake by actively growing cells. The Cr(VI) uptake of actively growing cells was followed by taking samples (60 cm 3 ) at 0, 1, 2, 4, 7 and 17 h after the addition of 75 WM K 2 Cr 2 O 7 . Samples were divided into three parts and prepared for total chromium (TOCr) content determination as described by Pepi and Baldi [10] , with the modi¢cation that the washed pellet was mineralized at 160³C in 4 ml HNO 3 :water (1:1) for 180 min. The number of actively growing viable cells was determined according to Whiteside and Plocke [27] .
Chromium uptake experiments in PIPES bu¡er
The Cr(VI) uptake of lysine-starved (for 4 h) cells in 5 mM PIPES bu¡er at pH 6.5 was investigated. The fermentation was stopped at the late-exponential phase and cells were collected by centrifugation (5000Ug, 5 min), washed with a physiological salt solution and then resuspended in PIPES for 4 h at 5³C. The biomass was treated with chromium in PIPES containing 75 WM K 2 Cr 2 O 7 and 1% D-glucose. Suspensions were shaken for 2 h at 30³C. After this incubation period, samples were divided into six parts. They were washed by repeated centrifugation in PIPES. Pellets were prepared for determination of the chromium content of the biomass using two different methods. The results are given as TOCr and organic bound chromium (OBCr). For the TOCr, the cells were digested with aggressive acid, while for the determination of OBCr, samples were treated in 0.1 N NH 4 OH for 10 h at 30³C and then centrifuged and the supernatants were analyzed for chromium contents [28] .
TOCr and OBCr contents were measured by atomic absorption spectrophotometry (AAS, Varian AAS 75). For the samples with low chromium contents, a graphite furnace (Perkin Elmer HGA 76B) was used.
Results and discussion
Isolation and characterization of mutants
Heterothallic strains of S. pombe were used to isolate Cr(VI)-sensitive and -tolerant mutants. Two parental, wild-type strains, CW-6 (lys 3 , h 3 ) and CW-9 (leu 3 , h ), exhibited the same (225 WM) MICs to K 2 Cr 2 O 7 on YEA. This method applied for MIC determination was useful to quantify the results, in contrast with the test applied by Ono and Weng [22] , which may be practical for the selection of sensitive and resistant mutants. Wild-type strains were mutagenized by UV irradiation and NTG treatment at a dose producing about 10% survival. The mutation frequencies were 3U10 32 for UV and 5U10 34 for NTG. These frequencies were higher than those observed by Ono [29] for S. cerevisiae. However, application of the enrichment method to recover Cr(VI)-tolerant mutants in the presence of the drug after induced mutagenesis [30] was not successful, in contrast with earlier ¢ndings on N. crassa [9] . 487 Cr(VI)-sensitive and 14 Cr(VI)-resistant mutants were selected from the two wild-type strains together. Mutants originating from strain CW-9 will be applied for further genetic analysis. Two mutants, a sensitive one, CS-6.51, (MIC 125 WM) and a tolerant one, CT-6.66, (MIC 275 WM) derived from CW-6, were used for further studies because their auxotrophic marker, ploidity and mating type did not change. Their back-mutation frequency for the auxotrophic marker remained lower than 10 38 . The mutants exhibited cross-sensitivity and resistance to various types of metal salts. CS-6.51 proved to be more sensitive to Ni 2 and Zn 2 and more resistant to Cd 2 , Cu 2 and VO 33 4 , while CT-6.66 was more sensitive to Ni 2 and more resistant to Zn 2 in comparison with CW-6. The mechanisms of action of the divalent cations on yeasts are well known [31] and these data may therefore be useful when molecular processes are investigated. The MICs to K 2 Cr 2 O 7 on YEA exhibited a time-dependence. The patches appeared after 3 days on the control plates and after 5^ 7 days on the chromium-containing plates. After 9 days, the results were not increased for the sensitive mutant, but they were increased for the wildtype strain and the tolerant one. It seemed justi¢ed to use a 7-days period of incubation for evaluation. The levels of tolerance were determined via the growth curves of the strains at di¡erent chromium contents. The growth inhibition of various K 2 Cr 2 O 7 concentrations in shaken liquid media after incubation for 30 h as percentages of the control was depicted. The sensitive mutant, CS-6.51, displayed a strong growth inhibition at 20 WM Cr(VI), while the tolerant one, CT-6.66, could tolerate a concentration as high as 50 WM Cr(VI). On the basis of these data, a concentration of 75 WM Cr(VI) was chosen for the uptake experiments, in order to have a detectable amount of chromium in a small quantity of biomass.
Chromium uptake by actively growing cells
In separate experiments, the wild-type strain and its two mutants were cultivated in the bioreactor up to the same OD (OD 660 = 0.7). At this time, 75 WM K 2 Cr 2 O 7 was added to the cultures in the bioreactor (Fig. 1 ). Samples were taken between 0 and 17 h for determination of the TOCr contents of the biomasses (Fig. 2) . Representative data on the wild-type strain CW-6, relating to the automatically registered OD 660 , pH and pO 2 were shown. Until the time of addition of K 2 Cr 2 O 7 , these parameters were the same. The results clearly showed that the sensitive mutant CS-6.51 underwent a fast bioaccumulation process during the ¢rst 30 min, while the bioaccumulation for the tolerant mutant CT-6.66 was signi¢-cantly lower than that for the wild-type strain CW-6. These data were in good agreement with the observations of Rapoport and Muter [18] , who showed that Cr(VI) sorption by dehydrated cells of S. cerevisiae was saturated within 70 min. This process exhibited a Cr(VI) concentration and temperature-dependence. The biosorption of a Cr(VI)-resistant Aspergillus spp. was characterized by Paknikar and Bhide [11] . Nearly 70% of the reduced chromium was adsorbed by the fungal mycelia, but in these experiments, the biosorption and bioaccumulation processes were not distinguished. The transport of CrO 23 4 into the cells starts promptly after CrO 23 4 Fig addition. By keeping the cytoplasmic concentration of Cr(VI) low, the intracellular reduction of Cr(VI) facilitates the accumulation of Cr(VI) from the extracellular medium in the cell [8] . In erythrocytes, the Cr(VI) uptake displayed saturation after 70 min [7] . The chromium accumulation kinetics di¡er: in samples taken 30 min after the addition of chromium, the TOCr content of the sensitive mutant CS-6.51 was six times higher than that of the tolerant mutant CT-6.66 and four times higher than that of the wildtype strain CW-6 (Fig. 2) . The viable cell count (Fig.  3) suggested that there is a fast bioaccumulation process for the sensitive mutant CS-6.51, while the living cells had decreased to 1% of the original cell count after 1 h. The biosorption and bioaccumulation processes of uptake could not be di¡erentiated exactly in these experiments [31] . Accordingly, the following uptake experiments were carried out in medium-free cell suspensions.
Chromium uptake by lysine-starved cells
Late-exponential phase cultures of three strains were washed and starved in PIPES for 4 h. The cell concentrations were 1 g l 31 dry biomass (dbm). After centrifugation, they were resuspended in PIPES containing 1% glucose and 75 WM K 2 Cr 2 O 7 and were shaken at 30³C for 2 h. During these procedures, the suspensions did not contain lysine, so these cultures were starved for protein synthesis. After the biomasses were washed, samples were prepared and the TOCr and OBCr contents of the biomasses were determined (Fig. 4) . The results showed that these starved cultures behaved di¡erently as concerns Cr(VI) uptake from the actively growing cultures. The wild-type strain CW-6 took up a signi¢cantly lower TOCr content than did its mutants.
The mutants CS-6.51 and CT-6.66 had nearly the same TOCr content. While the wild-type strain CW-6 accumulated only 35% of the TOCr as OBCr, the corresponding level for the sensitive and tolerant mutants was 50%. These results clearly showed that the chromium uptake capacities of the three strains in actively growing and starved cultures di¡ered after chromium treatment for 2 h (Figs. 2  and 4 ). Under lysine-starved, protein synthesisblocked circumstances, the sensitive and tolerant mutants exhibited nearly the same (1100 Wg g 31 dbm) TOCr uptake capacity. The tolerance of mutant CT- 6.66 could be a consequence of the lower (250 Wg g 31 dbm) TOCr uptake capacity in comparison with that of the wild-type strain CW-6 (380 Wg g 31 dbm). The mechanism of tolerance in these mutants of S. pombe will be further studied.
